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ABSTRACT 

We report the results of a Spitzer infrared study of the Cosmic Eye, a strongly lensed, Ly V Lyman 
Break Galaxy (LBG) at z = 3.074. We obtained Spitzer IRS spectroscopy as well as MIPS 24 and 70 
fim photometry. The Eye is detected with high significance at both 24 and 70 um and, when including 
a flux limit at 3.5 mm, we estimate an infrared luminosity of Lip = 8.3I4 4 x 10 11 Lq assuming a 
magnification of 28±3. This Lip is eight times lower than that predicted from the rest-frame UV 
properties assuming a Calzetti reddening law. This has also been observed in other young LBGs, 
and indicates that the dust reddening law may be steeper in these galaxies. The mid-IR spectrum 
shows strong PAH emission at 6.2 and 7.7 /im, with equivalent widths near the maximum values 
observed in star- forming galaxies at any redshift. The Lpah-^o-Lxr ratio lies close to the relation 
measured in local starbursts. Therefore, Lpah or Lmir may be used to estimate Lip and thus, star 
formation rate, of LBGs, whose fluxes at longer wavelengths are typically below current confusion 
limits. We also report the highest redshift detection of the 3.3 /zm PAH emission feature. The PAH 
ratio, LQ.2/L3.3 = 5.1 ± 2.7, and the PAH-to-L/^ ratio, L^^/Lip — 8.5 ± 4.7 x 10~ 4 , are both in 
agreement with measurements in local starbursts and ULIRGs, suggesting that this line may serve as 
a good proxy for Lpah or Lip at z > 3 with the James Webb Space Telescope. 

Subject headings: galaxies: high- redshift, galaxies: individual (J213512. 73-010143, Cosmic Eye), galax- 
ies: starburst, infrared: galaxies 



1. INTRODUCTION 

Star-forming galaxies at high-redshift are often found 
by identifying a break in their UV continuum arising 
from both an intrinsic Lyman Break in their SEDs and 
the high opacity of the Lya forest below rest-frame 1216 
A (jSteidel et al.1 fl996). Recent studies estimate that 
more than 25% of all present-day stellar mass was cre- 
at ed in these Lyman Br eak Galaxies (LBGs) at z > 
2 (jReddv fc Steidell l2009t) . Their star formation rates 
(SFRs) typically have to be determined based on rest- 
frame UV properties alone. This involves using the UV 
spectral slope to determine the amount of ultraviolet ex- 
tinction in order to derive the intrinsic UV luminosity 
and SFR. However, many uncertainties exist in this pro- 
cedure. Firstly, there are degeneracies between age and 
dust reddening on the UV spectral slope. Secondly, it 
is not clear that the obscuration law typically used to 
"unredden" the spectra is appropriate for LBGs. Fur- 
thermore, at least in the local Universe, the most lumi- 
nous starbursts contain individual star-forming regions 
that a re so dusty that they effectively emit no UV light 
at all (iGoldader et al.ll2002l ). so the IR and UV proper- 
ties of these systems are uncorrelated. 

Though it is more difficult to detect LBGs at other 
wavelengths, several studies have attempted to verify the 
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UV-derived SFRs by comparing with other star forma- 
tion diagnostics. With near-IR spectroscopy, Ha fluxes 
have been measured for > 100 LBGs, and give compa - 
rable SFRs to the UV-derived SFRs (lErb et al.ll2006h . 
However, these Ha studies indicate that dust geome- 
tries may be different in LBGs than in local starbursts 
because the ionized gas does not seem to be more ob- 
scured than t he stellar continuum , as is seen in lo- 
cal starbursts (jCalzetti et al.lll994l ). X-ray stacking of 
large numbers of LBGs suggests comparable SFRs as 
the UV determinations (jReddv fe Steidell I2004D . but ra- 
dio continuum stacking analyses have given mixed results 
(jReddv fc Steidell 12004 ICarilli et al.ll2008h . No individ- 
ual detections of L* LBGs (without AGN) has been de- 
tected in the X-ray or radio. 

Ultimately, the best indicator of the star formation rate 
is an accurate determination of the bolometric luminos- 
ity. Because most of the UV l ight (70-90%) is ab sorbed 
by dust (|Adelberger fc Steidell I2OO0I : iReddvet al.ll2006h . 
the majority of the starburst's luminosity is emitted ther- 
mally at infrared wavelengths. With current technology, 
it is difficult to determine the IR luminosity as the SED 
can not be measured at multiple wavelengths. Typical 
LBGs are below the con fusion limit of existin g submm 
telescopes (/sso < 2 mJv. lChapman et al.ll2000l ). and the 
Spitzer Space Telescope at 70 and 160 /im. Spitzer can 
only detect LBGs at 24 /jm (rest-frame 6-8 pm) and then 
only L > L* LBG s are detected in the deepest images. 
iReddv et al.l ((2006) conducted a study of 24 pm detected 
LBGs (and stacks of non-detections) and concluded that 
that the average UV-derived SFRs are reliable. However, 
the MIPS 24 /im band only detects a few percent of the 
total infrared luminosity and the bolometric corrections 
required to convert from the mid-IR flux to Lip are large 
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and highly uncertain, as the IR SEDs of LBGs have not 
been measured. Therefore, in addition to determining 
the validity of UV-derived SFRs, it would be useful to 
determine if the L mir-^o-Lir conversions measured lo- 
cally are valid in LBGs. 

A few high redshift LBGs have been found that are 
gravitationally lensed by foreground clusters or individ- 
ual massive galaxies. Their high magnifications (fac- 
tors of 10-30) mean that their IR fluxes are above the 
current far-IR confusion limits and, in addition, mid-IR 
spectroscopy can be performed. These lensed LBGs can 
therefore be studied in the IR to better determine their 
star formation rates and test whether star formation and 
dust extinction diagnostics measured in local starbursts 
are valid in LBGs. 

The first detailed IR investigation of such a highly 
magnified LBG (MS1512-cB58) shows that the PAH 
strengths and the shape of the IR SED are similar to 
starbursts of comp arable luminosity in the local universe 
(|Siana et al.ll2008[ ) . However, the IR luminosity is signif- 
icantly lower than expected given the large dust extinc- 
tion implied by cB58's red UV spectral slope, suggest- 
ing th at the assumed dust extinction law (jCalzetti et al.1 
l2000f) may not be valid for this galaxy. If this were true of 
other LBGs, it would suggest that the claimed estimates 
of their contribution to the star formation rate density in 
the early universe and, consequently, the time-integrated 
stellar mass density are too high. Of course, this is only 
one galaxy and there is quite a large dispersion measured 
in the UV-IR properties of local starbursts, so IR studies 
of more LBGs are required. Furthermore, cB58 is not a 
typical LBG in that it appears to be far younger than 
most LBGs (t age < 30 Myr), has a very red UV spectral 
slope, and displays stronger than average interstellar ab- 
sorption lines. 

Several other highly magnified LBGs have re- 
cently been found (lAllam et alJl2007t ISmail et all [20071 : 
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iBelokurov et all 120071 : iLin et al]|200l . with properties 
that span a broad range in parameter space occupied by 
LBGs (UV spectral slope, luminosity, inferred age, etc.). 
Detailed IR investigations of this entire sample can de- 
termine the UV/IR properties of typical high redshift 
starbursts. In this paper, w e report results of a Spitzer 
IR study of the Cosmic Eye (Smail et al. 2007) and com- 
pare with both the cB58 findings and relations measured 
in local starbursts. 

Th e Cosmic Eye is an LBG at z = 3.074 (|Smail et all 
2007) lensed by a massive foreground g alaxy at z = 0.73 , 
with a total magnification p, — 28 ± 3 ([Dye et al.ll2007f) . 
After modelling the foreground lens, reconstruction of 
the source image reveals the galaxy to be comprised of 
two UV components: a bright red and a fainter blue 
region. Like cB58, the combined component photome- 
try shows a UV slope that is redder than typical LBGs 
(Richard et al., in prep). Keck integral field spectroscopy 
has revealed that the two UV-lumino us components ar e 
part of a well ordered, rotating disk ([Stark et al.l 12008). 
Detection of CO (3-2) emission indicates a large molec- 
ular gas reservoir (~2x 10 9 M Q ) that is likely located 
in th e fainter of the two UV components (jCoppin et al.1 
12001 . 

We use a ACDM cosmology with Vt m = 0.3, JIa = 0.7, 
and Hq = 70 km s _1 Mpc -1 . All intrinsic luminosities 
and star-formation rates are corrected assuming a lensing 
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a Errors are lo- b From lCoppin et al.l J2007T) 

magnification, [i = 28 ± 3 (|Dve et al.ll2007f) . 

2. OBSERVATIONS 

Spitzer IRAC and MIPS 24 /im obsevations were taken 
as part of Director's Discretionary Time in 2006 Novem - 
ber/December and are detailed in ICoppin et al.l (2007). 
Additional Spitzer IRS and MIPS observations were 
granted under Program ID 40817. IRS Short-Low first 
order (7.4-14.5 /jm) and Long-Low first order (19.5-38.0 
fjbva) observations were obtained 05 December 2007. The 
spectra were taken in mapping mode, placing the galaxy 
at five different positions along the slits. The Short-Low 
(Long-Low) exposure times were 60 (120) seconds, with 
50 (240) total exposures for a total of 3 (28.8) ks in- 
tegration. The IRS data redu ction was performed as 
specified in iTeplitz et all (|2007l ). First, we remove la- 
tent charge by fitting the slope of the increase in back- 
ground with time, and subtracting this background row 
by row. Second, "rogue" pixels were masked using the 
IRS CLEAN program provided by the SSC. Finally, the 
observations at other map positions were used to deter- 
mine the sky, which was then subtracted. The individ- 
ual frames were co-added to produce 2D spectra at each 
map position. One-dimensional spectra were optimally 
extracted at each map position using the SPICE software 
provided by the SSC. 

The MIPS 70 pm observations were taken on 28-29 
November 2007. 1080 exposures at nine dithered posi- 
tions were taken for a total of 10.8 ks integration time. 
The MIPS 70 pm data were reduced using the Germa- 
nium Reprocessing Tools (GeRT), following the tech- 
niques optimized f or deep photometry data given by 
iFraver et all (I2006D. The images were then mosaiced 
with MOPE X~([Makovoz fc Khan! I2005D and extracted 
with APEX (Mak ovoz fc Marleaul [20051) . 

The IRS Peak-Up Imaging 16 /mxi observations were 
taken on 06 December 2007. Twenty dithered exposures 
of 30 seconds were taken for a total of 600 s integra- 
tion. A median sky was created and subtracted from 
each BCD after scaling to the mode. The BCDs were 
combined using MOPEX, using both temporal and spa- 
tial outlier rejection (Mosaic Outlier and Dual Outlier). 
Interpolation was performed using the drizzle algorithm 
with Driz_Frac= 0.8 and an output pixel size of 0.9" 
(half of the native PUI plate scale) . We used APEX for 
source extraction, with a custom PRF made with the 
same drizzle parameters. 

3. RESULTS 

3.1. Infrared SED and Ljr 

The 16, 24, and 70 /urn photometry all yield greater 
than 5ct detections (see Table [T]). We us e these fluxes, 
combined with a 3.5 mm flux limit from ICoppin et al.l 
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Fig. 1.— The observed IR SEP of the Cosmic Eye. The best- 
fit SEP from lCharv fc Elbad 1 120011) to the 24, 70 /im and 3.5 mm 
fluxes yields Lju = 8.3 X 10 11 L Q . Also plotted is the SEP derived 
from the 24 fim flux alone, the SEPs giving the ±lo~ deviations in 
Lin, and the estimated IR SEP of the foreground lens (based on 
the [On] flux). 

(|2007| ) to fit the shape of the IR spectral energy dis- 
tribution (SED) and determine the infrared luminosity. 
The diameter of the Cosmic Eye is ~ 2" and is therefore 
unresolved in any of the IRS and MIPS photometry (the 
16, 24, and 70 fjja PSF FWHMs are 4", 6", and 18", re- 
spectively). Therefore, the foreground galaxy at z = 0.73 
may be contaminating the mid-IR photometry. Here we 
attempt to determine the magnitude of this foreground 
contamination. 

In the optical spectrum obtained in lSmail et al.l (|2007h . 
the foreground galaxy has an [On] 3727A emission line 
flux f[ OI x\ ~ 1.5 x 10~ 17 er g s" 1 cm" 2 or L [OII ] = 
3.6 x 10 40 erg s" 1 . Using the iKennicutt] lj!998j ) conver- 
sion to star-formation rate, we get SFR/ g ([On])~ 0.5 
M Q yr -1 . This assumes an extinc tion of Ay = 1. Con- 
verting this SFR to an L IR using iKennicuttl (|1998| ), we 
get an L IR = 2.3 x 10 9 L Q . If we choose an IR templat e 
typical of galaxies with this SFR (|Charv fc Elbazll2001| ). 
the expected fluxes of the lens at 16, 24, and 70 /im 
are more than an order of magnitude lower than the ob- 
served fluxes (see Figure [1]). Of course SFRs (and Lm) 
based upon [On] 3727A flux alone are quite uncertain 
due to unknown extinction and metallicity, but it seems 
very unlikely that the extinction is an order of magnitude 
higher than Ay ~ 1 in such an evolved massive galaxy. 

As an additional check of foreground contamination we 
also use the observed 16 /im flux to estimate the max- 
imum IR contamination. The 16 /im band samples the 
minimum of the Cosmic Eye SED at A reS i = 4 /im where 
both the stellar and dust SEDs are faint. However, the 
16 /im band samples the possibly significant PAH emis- 
sion from the foreground galaxy. By scaling the stel- 
lar SED to the IRAC bands we find that the majority 
(> 65%) of the measured /(16/im) is from the stars in 
the Cosmic Eye. This gives a conservative upper limit 
/iens(16/im) < 0.03 mJy from the lens alone. This is 
in good agreement with the SED assumed when deriving 
the SFR in the lens from the [Oil] 3727A flux. Therefore, 
estimates from both [On] 3727A flux and the 16 //m flux 
show that the lens' contribution to flux at 24 and 70 /im 
is negligible. 

Following the discussion above, we assume that the 
measured Spitzer fluxes are dominated by the Cosmic 



Fig. 2. — The smoothed IRS Long-Low spectrum of the Cosmic 
Eye. The simultaneous fit of the PAH features and continuum is 
also plotted. The dot-dashed line is the continuum assum ed when 
computing PAH fluxes to compare with Pop e et al.l | |2U0ST) . 

Eye. We fit IR SED templates from ICharv fc Elbazl 
(|2001h to the 24 and 70 /im photometry, as well as the 3.5 
mm la limit (Ar. es t ~ 870/im) from the C O observations 
(/3.5mm < 0.14 mJy. ICoppin et al.M2007t ). The best-fit 
template is a warm IR SED with a magnification cor- 
rected Lir = 8.3 x 10 11 L (See Figure flj. Other SED 
shapes are allowed that give a la ra nge of Ltr = 3.9- 
13 x 10 n Lo. Using the conversion of IKennicuttl ((1998T ) 
we derive a SFR IR = 140 ± 80 M yr" 1 . If we se- 
lect a template appropriate for the measured mid-IR lu- 
minosity, Lmir, based on /(24/im) alone (as is often 
done at high redshift), we derive an infrared luminosity 
nearly a factor of two smaller (see dashed line in Fig- 
ure [U Li R = 4.8 x 10 11 L Q ). It's important to note 
that none of the templates gives an Ljr larger than 
1.3 x 10 12 L Q . This is because no cold or warm dust can 
be added without further violating the measurements at 
3.5 mm or 70 /im, respectively. Because these fluxes may 
also have some foreground lens contamination, we take 
Lib, < 1-3 x 10 12 L Q as a conservative upper limit. 

3.2. Infrared Spectrum and PAH Luminosities 

The IRS Long-Low spectrum is plotted in Figured We 
see prominent PAH emission at rest-frame 6.2 and 7.7 
/im. Unfortunately, the 8.6 /im feature lies close to the 
noisy end of the spectrum so its amplitude is uncertain. 
The PAH strengths were measured by simultaneously fit- 
ting Drude profiles with centers at the systemic r edshif t 
of the galaxy and widths defined by iDraine "Pl(|2007lh 
as well as a power-law continuum with a slope that is 
allowed to vary. The best fit components are plotted in 
Figure [2] and the derived line fluxes are listed in Table 
[21 Some authors have determined PAH luminosities and 
equivalent widths by simply assigning a continuum value 
based on the fluxes immediately longward and shortward 
of the features. Fluxes measured in this way are typically 
lower by up to a factor of two. These fluxes are also listed 
in Tabled 

The IRS Short-Low spectrum is plotted in Fig[3l The 
SL1 spectrum covers 7.5-14 /im and covers the Paa 
(Xrest = 1-875 /im) and 3.3 /im PAH emission lines at 
z = 3.074. The Paa line is not seen but this is not 
surprising as an intrinsic SFR ~ 140 Mq yr -1 gives an 
expected flux f(Paa) = 2.3 x 10 42 erg s _1 (assuming a 
28 x magnification) if the line is free of dust extinction. 
Therefore, we would only expect to detect it at less than 
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Fig. 3. — The IRS Short-Low spectrum of the Cosmic Eye. 
The feature at 13.3 /im is either 3.3 fim PAH emission at z = 
3.07 or 7.7 /an PAH emission at z = 0.73. A stellar SED from a 
100 Myr old (constant star formation) starburst is scaled to the 
IRAC bands. The SL spectrum was s c aled u p by 30% to match 
this SED. The best-fit ICharv fc Elba3 pOOl ) SED fit to the far- 
IR data is shown as well as a star-forming SED at z = 0.73 with 
an Lm — 2.3 X 10 9 Lq estimated from the foreground lens' [On] 
emission line. The 3.3 fim PAH at z = 3.074 is expected to be 
much stronger than the 7.7 fim PAH at z = 0.73. 
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Fig. 4. — The Short-Low spectrum after binning by 2 pixels as 
well as the binned errors. The combined fit (to the unbinned data) 
of the 3.28 /im drudc profile and a linear continuum is also plotted. 
The 3.3 fim PAH feature is detected at 5.3o\ 

1.5(7. Here we have assumed case B r ecombinati o n and 
convert from Ha-to-SFR conversion o flKennicuttJ (fl998h 
using Pa/Ha = 0.128 (jHummer fc Storevlll987ir 

An emission line is seen at A h s = 13.3 fim. This can 
either be the 3.3 fim PAH feature at z = 3.074 or the 
7.7 fim PAH line at the redshift of the foreground lens 
(z = 0.73). We believe that the feature is unlikely to 
be from the foreground lens. First, the flux falls off too 
quickly at A /, s > 13.5 fim, inconsistent with the broad 
7.7 /im feature. Second, as seen in Figure[3l nearly all of 
the 16 /im flux can be explained by the stellar and dust 
emission from the Eye, without a significant contribution 
from PAHs from the foreground lens. So it is unlikely 
that the PAHs of the foreground lens are any stronger 
than the estimated foreground SED plotted in Figure [3] 
(see § 13. ip . In Figure 2] we show the binned (by 2 pixels) 
Short-Low spectrum with the best fit (linear) continuum 
plus the 3.3 /im PAH profile and list the flux in Tabled 
The 3.3 fim PAH feature is significant at 5.3<7. 

4. DISCUSSION 

The Spitzer data have confirmed strong PAH emission 
at 3.3, 6.2, and 7.7 /im. In addition, the 24 and 70 fim 



photometry, in combination with the 3.5 mm flux limit 
give a good estimate of the shape of the IR SED and 
the Lm (and the IR-derived SFR). In this section we 
use these IR characteristics, as well as ancillary rest- 
frame UV and optical spectra, to compare with local 
star-forming galaxies of comparable luminosity as well 
as high redshift, submm-selected ultraluminous galaxies. 

4.1. Infrared Excess vs. UV Spectral Slope 

We would like to determine whether the UV- and IR- 
derived SFRs agree if we assume the same relations mea- 
sured in local starbursts. Typically, the UV spectral 
slope is used to determine the UV extinction, Aiqqq. 
The intrinsic UV luminosity can then be calculated and 
used to determine the UV-derived star formation rate, 
SFRyy. We measure the UV spectral slope (3 (where 
fx oc \@) in two ways: with broadband photometry, and 
from the rest-frame UV spectrum itself. Broadband pho- 
tometry mimics the method used for most LBGs, espe- 
cially those that are fainter and/or at higher redshifts. 
It may seem better to derive the spectral slope directly 
from the spectrum, but the spectrum may suffer from 
differential atmospheric dispersion, only samples part of 
the total lens, and may have a small amount of contam- 
ination from the foreground lens (though this should be 
less than a few percent of the total flux). First we use 
the high spatial resolution HST photometry of Richard 
et al. (2009, in prep) and subtract a fit of the foreground 
lens profile. The resulting color, Vqo6 — hi4 — 0.53 ±0.06 
(AB) gives a n estimate of t he sp ectral slope according 
to Eqn. 14 of iMeurer et all (|1999h . This equation takes 
into account the effect of interstellar absorption lines and 
the the Lya forest opacity below \ rest < 1216 A (which 
affects a small fraction of the Vqoq band at this redshift). 
We also fit the spectral slope to the parts of the op- 
tical spectrum that are uncontaminated by absorption 
lines. The spectrum is a composite of four parts of the 
entire ring (see Figure 1 of lSmail et al.ll2007r ). not the en- 
tire galaxy. Therefore small differences in spectral slopes 
based on the photometry and spectra are expected. The 
best-fit slope from the spectrum, [3 spec — 0.01, is red- 
der than the slope derived from the photometry alone, 
Pphotom = —0.48. We take the average of the two values 
and use the difference as the ±1<t range. The resulting 
spectral slope, (3 = —0.24 ± 0.24, is very red for LBGs, 
such that its observed optical colors lie near the edge of 
t ypical Lyman Break color selection criteria. 

IMeurer et al.l (|1999f ) determined a relation between the 
UV spectral slope and the UV attenuation, ^4i6oo- Es- 
sentially, this assumes that the starburst has an intrinsic 
spectral slope (3 ~ —2.3, and that the shape of the at- 
tenu ation curve, A \, is t hat of the Ca l zetti r eddening 
law (|Calzetti|[l997l) . The IMeurer et all (|1999l ) relation 
suggests a UV attenuation, Ai eoo = 3.95 ± 0.74 mags 
(the error here includes the 0.55 mag dispersion in the 
observed /3-to-^4igoo relation as well as the error in the 
spectral slope measurement). Correcting for this attenu- 
ation (and for the lens magnification), the measured UV 
luminosity is £1500 = 6.3 x 10 30 erg s _1 Hz -1 . This 
translates to a star formation rate, SFRr/y = 900^400 
Mq yr _1 , using the conversion of lKennicuttJ (fl99l . 

The UV-derived SFR is about six times that of the 
IR-derived SFR (SFRir = 140 ± 80) and even the la 
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TABLE 2 
Cosmic Eye Line Fluxes 



Rest Wavelength 


Observed Flux a 


Luminosity ab 


Rest Equivalent Width 


Dan] 


[10 -15 ergs s _1 cm 2 ] 


[10 42 ergs s" 1 ] 


Dan] 


1.87 Pact 


<0.41 


<1.2 


<0.13 


3.3 PAH 


0.92±0.17 


2.7±0.5 


0.13 


6.2 PAH 


5.36±1.23 


15.7±3.6 


1.7 




(3.86) c 


(11.3) c 


(0.78) c 


7.7 PAH 


17.9±4.48 


52.4±13.3 


4.4 




(13.8) c 


(40.3) c 


(2.05) c 


8.6 PAH 


0.1±2 


0±5 





a Errors and limits are l<r b Intrinsic luminosity after correction for assumed 28 X magn ification 
assuming the purple line in Figure as continuum [2] for continuum as in IPope et all [120081) . 



Values in parentheses are determined 
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UV Spectrol Slope (j8) 

Fig. 5.— The far-infrared (40-120 /an) to ultraviolet (1600 A) 
luminosity ratio versus the UV spectral slope, /3, defined as f\ oc 
A' 3 . The best-fit relation of MHC99 and measurements of local 
starbursts are plotted. We show the expected IRX-/3 relation for 
three different reddening curves (Calzetti, LMC with out the 2175 
A feature, and SMC). The LMC and SMC extinction curves more 
accurately predict the observed FIR-to-UV ratios of the two lensed 
LBGs. 

lower limit is three times higher. The red UV spectrum 
suggests too much UV attenuation, which results in a 
predicted infrared luminosity far above the maximum al- 
lowed Lm from the observations. The same phenomenon 
was observed with the first lensed LBG to be studied in 
detail in the infrared (cB58, ISiana et aLl l2008) as well as 
in Spitzer 24 /im studies of unle nsed, young (t age < 100 
Myr) LBGs (|Reddv et al.ll2006f ). In Figure [3 we plot 
the far-IR to UV luminosity ratio versus UV spectral 
slo pe, 0, fit to a sampl e of local starburst galaxies (IRX- 
/3, iMeurer et al.l 119991 ) . This relation follows naturally 
assuming intrinsic spectral slopes typical of young star- 
bursts (—2.6 < f3 < —2.0) and a Calzetti reddening law 
(|Calzettilll99l . Because LBGs are assumed to have sim- 
ilar intrinsic spectral slopes as these local starbursts and 
are assumed to be reddened by something like a Calzetti 
law, this relation is generally used to infer infrared lu- 
minosities and, thus, star formation rates. In Figure El 
both cB58 and the Cosmic Eye lie below this relation by 
at least a factor of four, beyond the typical scatter in this 
relation that is observed locally. 

Of course, many local star-forming galaxies are known 
to lie off of this IRX-/3 relation. If much of the star- 



forming regions are completely extinguished in the UV, 
then the observed U V spectral slope will no longer be 
correlated with IRX. iGoldader et al.l (|2002h showed this 
to be true i n local ULIRGs as th ey all lie above the IRX-/3 
relation of IMeurer et~aTl (|1999fh 

If the intrinsic spectral slope is different due to different 
metallicities or star formation histories, this will cause 
galaxies to move significantly away from the measured 
relation. For example, less active star-forming galaxies 
such as nearby spirals are known to fall to the right of 
the IRX-/3 relation because their relatively large amount 
of less massi ve (older) s tars makes the intrinsic spectral 
slope redder (|Bellll2002D . 

Finally, if the reddening curve is significantly differ- 
ent than the assumed Calzetti reddening curve, this will 
affect the total amount of absorbed luminosity for a 
given UV s pectral slope. For example, the SMC extinc- 
tion curve (|Prevot et al.lll98~4T ) is much steeper than the 
Calzetti law and can produce red UV slopes without ex- 
tinguishing as much total luminosity as with a Calzetti 
law. Therefore, if the dust extinction in a particular 
galaxy follows an SMC curve, its IR luminosity would be 
far lower for a given (3 and would lie below the IRX-/3 
relation. 

Because these LBGs are so well characterized, we can 
investigate whether any of their known properties might 
explain why they lie below the rel ation observed in local 
starbursts. Using the index dPettini fePagell 120041 : 
iPilvugin fc Thuanl 120051) . IStark et alj (|2008[ ) determine 
a metallicity for the Cosmic Eye of ~ 0.9 Z Q . SED 
fits to the Cosmic Eye optical and near-IR photometry 
(Richard et al., in prep) give ages of 80-300 Myr de- 
pending upon the exact star formation history. Both 
the metallicity and starburst age of the Cosmic Eye are 
similar to that of the local starburst sample and the es- 
timated intrinsic UV spectral slope is f3 ~ —2.4, simi- 
lar to the intrinsic slopes estimated for t he local sam- 
ple. cB58 has a metallicity of about \Zq (jPettini et al.l 
2000i iTeplitz et all I2000D and a very young starburst 
age ( tgoe < 30 My r TlEllingson et all 119961 : ISiana et all 
120081 ). The lBruzual (|2007fl models give an intrinsic slope 
of P ~ —2.7 for this metallicity and star formation his- 
tory, bluer (more negative) than assumed for the local 
starbursts. Therefore, cB58 should lie to the left of the 
local relation, not to the right. 

Given the intrinsic slopes predicted by their star for- 
mation histories and metallicities, both the Eye and cB58 
should lie near (or to the left) of the local IRX-/ ? rela- 
tion if the Calzetti reddening law ICalzettil j 1 997]; were 
valid in these LBGs. Therefore, we conclude that the 
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reddening law in these two LBGs must be different than 
that measured in the local starburst sample. In Figured] 
we show three predicted IRX-/3 relatio ns assuming differ- 
ent reddening curves: Calzetti, LMC (|Fitzpatricklll986l) 
with no 2175 A feature, and SMC. A reddening law that 
is steeper than the Calzetti curve, like the LMC or SMC, 
causes UV spectral slopes to become redder without ex- 
tinguishing as much total UV luminosity. Thus, for the 
same observed UV spectral slope, the steeper redden- 
ing curves result in lower LfirI Luv than predicted by 
the Calzetti curve. As seen in Figure [5j both the Cos- 
mic Eye and cB58 have Lpm/ Ljjv ratios indicative of 
st eeper redden i ng law s . 

iSiana et al.l (|2008f ) conclude that the large covering 
fraction of outflowing, low-ionization gas (and presum- 
ably dust) seen in the rest-frame UV spectrum of cB58 
is indicative of a uniform foreground sheet of dust, rather 
than a patchy distribution that gives rise to a Calzetti 
curve. The rest-frame UV spectrum of the Cosmic Eye 
also exhibits opaque interstellar absorption lines indicat- 
ing a similarly large covering fraction of outflowing gas. 
A uniform foreground sheet of dust results in reddening 
laws analogous to the LMC or SMC extinction curves 
(assuming similar dust compositions). As shown above, 
these steeper curves can explain why these LBGs fall be- 
low the local IRX-/3 relation. Therefore positions of the 
Cosmic Eye and cB58 on the IRX-/3 diagram can be ex- 
plained if much of the dust obscuration is occuring in 
outflowing dust with a large covering fraction. 

Alternatively, a different reddening curve could be 
caused by a different dust composition. It is possible 
that in a young galaxy with active star formation, a 
larger fraction of the dust is produced by core collapse 
supernovae relative to dust produced by Type la SNe 
or evolved, low-mass (eg. AGB) stars. Evidence for ex- 
tinct ion due to dust from Type II SNe (jTodini fc Ferraral 
l2001h has been observed in host gal axies of a Q SO and a 
gamma-ray b urst a t z ~ 6.2 - 6.3 (|Maiolino et all 12004 
IStratta et al.l l2007), when the age of the universe is less 
than the time required for stars to evolve to the AGB 
phase (when much of the dust is deposited into the ISM) . 
Because the star formation activity in these two LBGs 
is recent (< 300 Myr), this could imply that the frac- 
tion of dust from Type II SNe to dust from AGB stars is 
larger in these systems, which may affect the shapes of 
the reddening curves. However, both LBGs show strong 
emission from PAHs, w hich are thought to be pro duced 
primarily in AGB stars l|Latterlll99i1 : lTielensl l2008L so it 
is possible that there exists a population of less luminous, 
older stars that is also depositing dust into the ISM. 

It is impossible to make any broad conclusions about 
the LBG population as a whole based on these two LBGs 
alone. However, it is instructive to note that at least a 
subset of LBGs may not obey the typical relations as- 
sumed for all LBGs. It appears that UV-derived SFRs of 
young LBGs with strong interstellar absorption features 
may be overestimated by a factor of ~ 4 — 5. Accord- 
ing to SED fits to the rest-frame UV-optical photometry, 
^20 % of all ~ L* LBGs have starburst ages less than 100 
Myr (jShaplev et al.ll200H IPapovich et al.ll2001h . There- 
fore, any large (factor ~ 4) adjustment to their derived 
star formation rates will significantly impact the total 
SFR density at high redshift. 



Of course, many high redshift galaxies also lie above 
the local relations such tha t their UV proper ties un- 
cferpredict their total SFRs (|Reddv et al.ll2006D . How- 
ever, many of these galaxies (eg. submm continuum se- 
lected galaxies) are accounted for separately when de- 
termining star-format ion rate densities at high redshift 
(jChapman et al.ll2005f) . 

4.1.1. Caveats 

There are a few complications in our analysis that 
arise because we are observing a lensed galaxy. The 
first is that the UV-luminous portions of the eye may 
lie closer to the caustic than the IR-luminous regions 
and are therefore more highly magnified, resulting in the 
source lying below the local IRX-/3 relation. This is espe- 
cially relevant as the Eye was selected for its bright rest- 
frame UV fluxes, not its IR fluxes, so we may be biased 
toward galaxies with high UV magnifications. Source re- 
construction of the Cosmic Eye shows that the most UV 
luminous r egion lies near t he caustic and is thus highly 
magnified (|Dve et al.ll2007t ). If the central region of the 
galaxy, which is f urther from the caustic (see Figure 2 in 
IStark et"aT1l2008| ). hosts a more obscured starburst (as is 
commonly observed in local LIRGs) , this region will not 
be so highly magnified, and the observed Lm-to-Luv 
ratio will not be the same as the ratio observed without 
the foreground lens. 

Of course, for this phenomenon to bias our results, the 
small-scale star-forming regions within the LBGs must 
violate the local IRX-/3 relationship (ie. the UV and IR 
fluxes are uncorrelated at sub-kpc scales). There is no 
evidence that this is the case in local galaxies. For ex- 
ample, individual star-forming regions in M51a appear to 
show similar trends at scales < 500 pc (though the trend 
is offset due to the presence of older stellar populations, 
iCalzetti et aDl2005l) . If we assume that the UV and IR 
emission in LBGs are also correlated on scales smaller 
than 500 pc, then the effect of differential magnification 
on our results is mitigated significantly. 

It is also possible that there is dust present around 
the foreground lens that is further reddening the UV 
spectrum of the background LBG. This would affect the 
observed UV spectral slope, but would not significantly 
increase the observed Lir. This would require signifi- 
cant columns of dust at large radii from the center of 
the foreground lensing galaxies (~ 7 physical kpc for the 
lens of the Cosmic Eye) . Ther e are many galaxies with 
dust at > 7 kpc. For example, lEngelbracht et all (|2006l ) 
find emission from PAHs in supernovae winds at > 6 kpc 
from M82. The Sa galaxy, the Sombrero Galaxy, and 
the Sd galaxy, NGC 459 4 both have dust at radii of ~ 7 
kpc (|Bendo et alJl2006al lbh. Also, recent GALEX obser- 
vations have found low levels of star-formation (where 
some dust is presumably present) in the extreme outer 
disks of M83 and NGC 462 5 (~ 10 kpc, iThilker et all 
I2005t iGil de Paz et al.l 120051 ) . However, these dust fea- 
tures and low level star-forming regions are found in large 
spiral disks (eg. M83) or actively star-forming galaxies 
(M82), and are not typically found around massive ellip- 
ticals. Furthermore, when the dust is present, it is patchy 
and distributed along spiral arms and has low optical 
depths at the releva nt wavelengths (r(4000 A) < 0.3, 
iHolwerda et al.l [20091 ). Given the high stellar mass and 
low star formation rate of the foreground lens of the Cos- 
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Fig. 6. — Comparison of mid-IR spectra (normalized to th e 
6.7 fira continuum) of the Cosmic Eye, cB 58 (Siana ct al,] |200Sl) . 
an SMC composite IMenend ez-Delmestre e t al.l 120091) . and a lo- 
cal starburst composite (Brandl et al. 2006]). These galaxies span 
three orders of magnitude in luminosity in Lm (10 10 — 10 13 Lq). 
The mid-IR spectra of the LBGs (Cosmic Eye and cB58) and the 
local starburst composite are similar. However, the £7. 7/^6. 2 ra- 
tio of the SMGs is markedly higher than in the LBGs or local 
starbursts. 

mic Eye and the fact that the color changes very little 
around the ring of the Eye, we expect the foreground 
extinction to be negligible. 

4.2. PAH Properties 
4.2.1. Mid-IR Spectra Comparison 

In Figure [5] we compare the mid-IR spectr a of the Cos- 
mic Eye with another lensed LBG (cB58, Si ana et al.l 
2008), a composite of high redshift su bmm-selected 
ULIRGs HMenendez-Delmestre et~aTl 120091) . and a com- 
posite of low redshift, l ower luminosit y {Lm < 10 11 L ) 
starburst galaxies (iBrandl et al.ll200lf ). All of the spectra 
exhibit high PAH equivalent widths and the PAH ratio, 
L7.7/L6.2, is approximately constant in all of these spec- 
tra except for the SMC composite, which has a markedly 
higher ratio than the others. This PAH ratio does not 
change with ionization state of the PAHs, but changes 
dram atically with grain size distribution (|Draine 
l2007h . The discrepancy may suggest that grain sizes are 
relatively larger in SMGs than in LBGs and local star- 
bursts. However, there is significant dispersion in all of 
the populations so a comparison of one or two LBGs to 
the SMG sample as a whole is not definitive. 

Because the 7.7 /xm feature is confused with the 8.6 
/jm feature and the broad silicate absorption at 9.7 /xm, 
we choose to use the 6.2 /im PAH EW for comparison 
with other works. In Table [2j we list the derived rest- 
frame equivalent widths (EWs) of the PAHs using two 
separate methods: by simply defining a linear contin- 
uum on either side of the PAHs and by simultaneously 
fitting all PAHs and a power-law continuum. The other 
studies to which we are comparing have derived EWs in 
a manner similar to the former method. Therefore, we 
use the the equivalent widths listed in parantheses in Ta- 
ble [5] for comparison. The rest-frame equivalent width, 
EWe.2 = 0.78 /im, is very high, near the maximum values 



Fig. 7. — The 6.2 (im PAH strength vs. infrared luminosity. 
This fi gure is adapted from the top panel of Fig. 12 inlPope et al.l 
(2008). Local starbursts (squares) are from IBrandl et al.l (120061) 
and high-redshift SMG (diamonds) are from IPope et aL| (2008). 
The d ashed line is the best-fit Le.2-to-Lm relation of lPope et alj 
(2008) for the low redshift starbursts. The Lpah/Lir ratios of the 
two lensed LBGs are consistent with the extrapolation (to higher 
luminosities) of the trend observed in local starbursts. 

fou nd in local star-forming galaxies with no AGN activ- 
ity (IBrandl et alj|2006t iDesai et al.ll2007t llmanishi et all 
120071) as well as high redshi f t ULIRGs with st rong PAH 
emission (|Saiina et all 120071 : IPope et al.|[200l . 

4.2.2. Lpah vs. Lib. 

In Figure [7] we plot the 6.2 fim PAH l uminosity vs. 
Lm f or the Eye relative to l ocal starbursts (|Brandl et al.l 
120061) . high redsh ift SMGs (IPope et alJ 12008ft and cB58 
(jSiana eta l. 2008). We have remeasu red our PAH lumi - 
nosities in a similar manner as that of IPope et all (2008) 
by selecting the continuum level on either side of the 
PAH features, rather than simultaneously fitting all fea- 
tures and the continuum. These PAH luminosities are 
also listed in Table [51 Both cB5 8 and the Cosmic Eye 
lie above the measured relation of lPope et al.l (|2008f ) but 
certainly within the rather large scatter. Therefore, for 
these two LBGs, it appears that the 24 /zm flux, which 
is dominated by PAH emission, would give a reasonable 
estimate of the Lm, lending credence to high redshift 
(1.5 < z < 3.0) SFR determinations based on Spitzer 
24 /an fluxes alone. A similar study of lensed galaxies 
of somewhat higher IR luminosities at high redshift has 
also found that rest-fra me 8 fluxes als o reproduces 
the Lm reasonably well (|Rigbv et al.ll2008l) . 

4.2.3. 3.3 (im PAH 

We have a 5er detection of the 3.3 /im PAH fea- 
ture. This is the highest redshift galaxy in which this 
feature has been de tected, and only the second (the 
first was reported in ISajina et al.l l2009f ) to be detected 
outsi d e of the local (z < 0.2 ) universe oorwood 
1 19861: llmanishi fc Dudlevl 120001 : llmanishi et all 120061 : 
iRisaliti et all 120061) . The 3.3 //m PAH feature will be 
particularly useful in future studies of dust and star for- 
mation as it is the only PAH emission feature accessible 
to the James Webb Space Telescope (JWST) at z > 3. 
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Therefore, it is important to characterize how well L3.3 
scales with other PAHs and Lib in LBGs at z < 3 so 
that JWST studies can properly interpret measurements 
at higher redshift. The PAH ratio, L 6 . 2 /L 3 . 3 = 5.8 ± 1.7 
is consistent with the typical rat io measured in local 
ULIRGs (< L 6 . 2 /L 3 . 3 >= 5.6, llmanishi et all 120061 . 
I2007D . Here we have use d only isolated and compact 
galaxies in llmanishi et all (|2006[ 120071 ). to minimize the 
effects due to different s lit widths between th e L-band 
and Spitzer slits, though fmani shi et alj (|2008l ) compare 
their L-band spectra with Akari slitless spectra and find 
no evidence for significant slit loss. The L 33 /Lib ~ 
8.5 ± 4.7 x 10~ 4 ratio (or L 3 . 3 /L FIR ~ 1.5 x 10" 3 when 
using far-IR rather than total IR luminosity) is consis- 
tent with the ratio m easured in local starburst galaxie s 
(L 3 , 3 /L FIR ~ lxlQ- 3 |Mouri et al.ll99CiHlmanishill200^ . 
suggesting that this PAH feature may be used as an indi- 
cator of Lir at high redshift. We note that the measured 
£3.3/ 'Lib, is about five times lower than the ratio inferred 
from a recent broadband [Spitzer IRA Q estimate of 
the 3 .3 /im feature in LIRGs at z ~ 0.7 (Magnelli et al. 
l200l . 

5. CONCLUSIONS 

Due to the strong magnification (factor of ~ 28 x) of 
the Cosmic Eye, we are able to perform a Spitzer in- 
frared study of an otherwise inaccessible L\j V LBG. We 
obtain high S/N (> 5a) detections at 16, 24, and 70 /im, 
as well as high S/N IRS Short-Low and Long-Low spec- 
tra from 7.4-14.5 /im and 19.5-35 /im, respectively. With 
these data we compare different star formation diagnos- 
tics, and compare the IR properites to other star-forming 
galaxies at low and high redshift. We find the following: 

• Using the [O 11] and maximum 16 /im fluxes of the 
foreground lens, we argue that far-IR photometry 
and mid-IR spectroscopy of the Cosmic Eye are not 
significantly contaminated by the lens. 

• The IR photometry of the eye (including a 3.5 mm 
flux limit) is fit by a relatively warm SED template 
and gives an Lib. — 8.3i 4 ; 4 x 10 11 L© after correc- 
tion for magnification. All of the IR SED templates 
give Lib estimates less than 1.3 x 10 12 L Q . 

• The IRS Long-Low spectra show strong PAH 
emission at 6.2 and 7.7 /xm that dominate the 
mid-IR luminosity. The equivalent widths are 
near the maximum observed in local starburst 
galaxies dBrandl et all l2006t iDesai et al.l 120071 ; 
llmanishi et al.l l2007h as well as high redshift 
ULIRGs with strong P AH emission |Saj ina et alJ 
120071: iPope et all 12008). There are only small dif- 
ferences in the PAH flux ratios and overall spectral 
shape of the Cosmic Eye and composite spectra of 
local starbursts and high redshift SMGs, as well 
as the lensed LBG, cB58. However, the Lr.r/Le.2 
PAH ratio of the SMG composite is significantly 
higher than that of both lensed LBGs. The Cosmic 
Eye lies along the L pah-^o-Lib correlations seen in 
starburst galaxies s panning three ord e rs of magni- 
tude in luminosity (IPope et al.l 120081: jRigbv et all 
2008; Mencn dez-Delmestre et a.1.1 l2009f ) . Confirm- 
ing this correlation in LBGs is important, as much 



of the IR-derived SFRs are currently based on 24 
/an fluxes alone, which are dominated by PAH 
emission. 

• In the IRS Short-Low spectrum we detect the 3.3 
/xm PAH. This is the highest redshift detection of 
this line and only the second report ed detection 
outsi de of the local universe (z > 0.2. ISajina et al.l 
2009). The PAH ratio, L 6 . 2 /L 3 . 3 = 5.8 ± 1.7 is 
similar to the average ratio observed (~ 6) in lo- 
cal ULIRGs (|Imanishi et alJ I2006L 12007( 1 and the 
3.3-to-LiB ratio, L 3 . 3 /Lib — 8.5 x 10 -4 , is con- 
sistent with measurements from l ocal starbursts 
(jMouri et al.l 119901 : llmanishil I2002T ) . This line is 
of particular interest as it is the only strong PAH 
feature accessible with JWST at z > 3 and may 
greatly facilitate studies of dust in the early uni- 
verse. Further measurements (in other LBGs) of 
the 3.3 /im feature's relation to other PAHs and to 
Lib are needed in order to interpret JWST mea- 
surements in the future. 

• Given an intrinsic UV spectral slope and a redden- 
ing curve, the observed spectral slope should pre- 
dict the amount of IR emission (reprocessed UV 
light absorbed by dust) relative to unabsorbed UV 
light. The measured Lfib/ Ljjv ratio is eight times 
lower than predicted from the UV spectral slope 
when assuming a Calzetti reddening curve. That is, 
the Eye lies significantly belo w the IRX-/3 relatio n 
measured in local starbursts (jMeurer et al.lll999h . 
This has also been observed in the onl y other LBG 
to ha ve detailed Spitzer data, cB58 (jSiana et al.l 
2008). Steeper extinction curves such as the LMC 
or S MC curves can rect ify this apparent discrep- 
ancy. ISiana et "all (|2008( 1 argue that the extinction 
curve is steeper than a Calzetti curve because much 
of the dust is in an outflowing foreground sheet 
with a large covering factor (near unity). The Cos- 
mic Eye, as with cB58, exhibits opaque absorption 
lines from outflowing gas, indicative of a high cov- 
ering fraction of outflowing dust. Therefore, we 
argue that both of these LBGs have steeper ex- 
tinction curves than the Calzetti law due to dust 
geometries that differ from the patchy extinction 
seen in local starbursts. However, a different dust 
composition can not be ruled out as a possible ex- 
planation for the discrepant reddening law. 
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